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SYNTHESIS OF ELECTROACTIVE IONIC
LIQUIDS FOR FLOW BATTERY
APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/515,204, filed Aug. 4, 2011,
and entitled “SYNTHESIS OF ELECTROACTIVE IONIC
LIQUIDS FOR FLOW BATTERY APPLICATIONS”, the
entirety of which is incorporated herein by reference.

STATEMENT OF GOVERNMENTAL INTEREST

This invention was developed under contract DE-AC04-
94A1.85000 between Sandia Corporation and the U.S.
Department of Energy. The U.S. Government has certain
rights in this invention.

BACKGROUND

Global energy consumption is projected to significantly
increase by mid-century, and this increased need may be
partially met through use of renewable energy sources. Dueto
the intermittent nature of some of these renewable energy
sources, such as wind and solar, it is desirable to incorporate
compatible large-scale energy storage devices into the energy
grid. Use of such grid storage is also being driven by the
evolving nature of the grid (e.g., green grid, smart grid, dis-
tributed nature of the grid, etc.) as well as by other techno-
logical developments including vehicle electrification. Redox
(reduction-oxidation) flow batteries, a rechargeable system
that uses redox states of various species for charge/discharge
purposes, represent a potential approach for grid storage.

In conventional flow batteries, electrolyte (e.g., catholyte
and anolyte) that includes one or more dissolved electroactive
species oftentimes flows through an electrochemical cell that
reversibly converts chemical energy to electricity. The elec-
troactive components are dissolved in a solvent rather than
being in a solid state in such flow batteries. Additional elec-
trolyte can be stored external to the cell (e.g., in tanks), and
can be pumped through the cell or fed into the cell via gravity.
Thus, spent electrolyte in the cell can be recovered for re-
energization and replaced with electrolyte from the external
tanks. While flow batteries may be charged and discharged
without degradation of performance, conventional flow bat-
teries commonly have low energy densities and include costly
materials.

SUMMARY

Described herein are various technologies that pertain to
synthesizing metal ionic liquids with transition metal coordi-
nation cations, where such metal ionic liquids can be used in
a flow battery. A cation of a metal ionic liquid includes a
transition metal and a ligand coordinated to the transition
metal. Moreover, the ligand includes a nitrogen containing
functional group and an oxygen containing functional group.

According to various embodiments, a metal ionic liquid
can be synthesized by reacting a transition metal salt with a
ligand. The reaction can be a single-step reaction. Moreover,
the metal ionic liquid can be produced by a direct combina-
tion reaction of the transition metal salt with the ligand rather
than a metathesis reaction.

In various embodiments, an anion of a metal ionic liquid
can be 2-ethylhexanoate, hexafluorophosphate, triflate, tri-
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flimide, or tetrafluoroborate. Moreover, in accordance with an
example, a ligand of a metal ionic liquid can include an amine
functional group and a hydroxyl functional group. Further, a
physiochemical property of an metal ionic liquid can be var-
ied based on selection of the anion and/or the ligand.

Further, a flow battery can include a metal ionic liquid.
Accordingly, the metal ionic liquid can be an electroactive
material and a solvent of an electrolyte (e.g., catholyte,
anolyte) in the flow battery. The metal ionic liquid can pro-
vide higher energy densities for the flow battery as compared
to a flow battery where an electroactive material is dissolved
in a solvent. Moreover, the metal ionic liquid can have neg-
ligible vapor pressure and can be non-corrosive.

The above summary presents a simplified summary in
order to provide a basic understanding of some aspects of the
systems and/or methods discussed herein. This summary is
not an extensive overview of the systems and/or methods
discussed herein. It is not intended to identify key/critical
elements or to delineate the scope of such systems and/or
methods. Its sole purpose is to present some concepts in a
simplified form as a prelude to the more detailed description
that is presented later.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-3 illustrate exemplary structural formulas of vari-
ous exemplary cations in exemplary metal ionic liquids.

FIG. 4 illustrates an exemplary diagrammatic representa-
tion of an electronically asymmetric secondary coordination
sphere of a cation of a metal ionic liquid.

FIGS. 5-6 illustrate Cu{NH(CH,CH,OH), } ; cations with
differing ligand coordinations.

FIG. 7 illustrates an exemplary redox flow battery that
includes metal ionic liquids.

FIG. 8 illustrates a weight change of Example 1, aheat flow
of Example 1, and a weight change of NH(CH,CH,OH),.

FIG. 9 illustrates results of a differential scanning calorim-
etry measurement of Example 1 performed using a liquid N,
quench cooling accessory.

FIG. 10 illustrates infrared spectra of Example 1 and infra-
red spectra of NH(CH,CH,OH),.

FIG. 11 illustrates Raman spectra (633 nm laser) of
NH(CH,CH,OH),, Example 1, and Fe(CF;S0;);.

FIG. 12 illustrates ultraviolet-visible spectroscopic data of
Example 1 in 1-butyl-3-methyl-imidazolium hexafluoro-
phosphate (BMI-PF ).

FIG. 13 illustrates cyclic voltammograms of Example 1,
which were performed with a glassy carbon working elec-
trode at four different scan rates.

FIG. 14 illustrates a Osteryoung square wave voltammo-
gram of Example 1 with 1 mV steps, sweep width amplitude
of 25 mV, and sweep width frequency of 15 Hz.

FIG. 15 illustrates infrared spectra of copper 2-ethylhex-
anoate, infrared spectra of Example 2, and infrared spectra of
ethanolamine.

FIG. 16 illustrates infrared spectra of Example 3A, infrared
spectra of Example 3B, and infrared spectra of Example 3C,
each compared to infrared spectra of neat diethanolamine.

FIG. 17 illustrates solution '*C NMR spectra of Example 5
and ethanolamine dissolved in CD;CN.

FIGS. 18-22 illustrate various cyclic voltammograms of
the Examples.

DETAILED DESCRIPTION

Various technologies pertaining to synthesizing ionic liq-
uids with transition metal coordination cations, where such
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metal ionic liquids can be used in a flow battery, are now
described with reference to the drawings, wherein like refer-
ence numerals are used to refer to like elements throughout.
In the following description, for purposes of explanation,
numerous specific details are set forth in order to provide a
thorough understanding of one or more aspects. It may be
evident, however, that such aspect(s) may be practiced with-
out these specific details. In other instances, well-known
structures and devices are shown in block diagram form in
order to facilitate describing one or more aspects. Further, itis
to be understood that functionality that is described as being
carried out by certain system components may be performed
by multiple components. Similarly, for instance, a component
may be configured to perform functionality that is described
as being carried out by multiple components.

Moreover, the term “or” is intended to mean an inclusive
“or” rather than an exclusive “or.” That is, unless specified
otherwise, or clear from the context, the phrase “X employs A
or B” is intended to mean any of the natural inclusive permu-
tations. That is, the phrase “X employs A or B” is satisfied by
any of the following instances: X employs A; X employs B; or
X employs both A and B. In addition, the articles “a” and “an”
as used in this application and the appended claims should
generally be construed to mean “one or more” unless speci-
fied otherwise or clear from the context to be directed to a
singular form.

Set forth herein is a family of metal ionic liquids (MetILs),
which are synthesized in a single-step reaction (e.g., from
low-cost precursors). The metal ionic liquids include transi-
tion metal coordination cations and weakly coordinating
anions. Examples of the anions include 2-ethylhexanoate,
hexafluorophosphate, triflate, triflimide, and tetrafluorobo-
rate. The metal ionic liquids can simultaneously act as a
solvent and electroactive material of a catholyte or an anolyte
in a flow battery.

The transition metal-based ionic liquid can be prepared in
a single-step reaction by reacting a transition metal salt with
a ligand. The transition metal salt and the ligand can be
combined and heated to produce the metal ionic liquid, for
instance. The metal ionic liquid is produced by a direct com-
bination reaction of the transition metal salt with the ligand as
opposed to a metathesis reaction. A metathesis reaction yields
a secondary product while a direct combination reaction does
not yield a secondary product; accordingly, since a secondary
product is not generated by a direct combination reaction,
such secondary product need not be isolated and discarded
when generating the metal ionic liquid (e.g., isolation may be
costly and flow battery performance may be detrimentally
impacted by impurities). The synthesis can be scalable and
can facilitate varying physicochemical properties of the metal
ionic liquid based on selection of the transition metal salt
and/or the ligand.

The transition metal salt includes a transition metal and an
anion. Examples of the anion include 2-ethylhexanoate,
hexafluorophosphate (PF,), triflate (CF;SO;7), triflimide
[(CF;S0,),N7], and tetrafluoroborate (BF,™). Examples of
the transition metal included in the transition metal salt
described below include copper, iron, manganese, and zinc
(e.g., copper, iron, manganese, and zinc salts); however, it is
to be appreciated that the transition metal included in the
transition metal salt can be cobalt, cerium, nickel, or substan-
tially any other transition metal.

Moreover, the ligand includes a nitrogen containing func-
tional group and an oxygen containing functional group. The
nitrogen containing functional group can be an amine func-
tional group and the oxygen containing functional group can
be a hydroxyl functional group; thus, the ligand can be an
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amino alcohol. Examples of the ligand set forth below include
ethanolamine (EA) and diethanolamine (DEA); yet, it is con-
templated that substantially any other ligand that includes a
nitrogen containing functional group and an oxygen contain-
ing functional group is intended to fall within the scope of the
hereto appended claims. For instance, the ligand can be a
straight chain ligand, a branched chain ligand, a cyclic ligand,
or the like.

BExamples of the metal ionic liquid include Fe{NH
(CH,CH,OH), }4[CF;S0;];, Cu{NH,CH,CH,OH}4CH,
(CH2)3CH(C2H5)CO2]25 Cu{NH(CH2CH2OH)2}6[CH3
(CH,);CH(C,H5)CO, )5, Cu{NH(CH,CH,OH),}¢[CF5
S0,],, Cu{NH(CH,CH,OH),}4[(CF;S0,),N],, Mn{NH
(CH,CH,OH),}4[CF;S0,],, and Zn{NH,CH,CH,OH},
[CF;S0;],. Other examples of the metal ionic liquid include
Ce{NH,CH,CH,0H}¢[CF;S0;,];, Cu{NH(CH,CH,
OH),}4[BF,],, Co{NH,CH,CH,OH}/CF;S0,],, and
Ni{NH,CH,CH,OH, }[CF;S0;],. Yet, it is to be appreci-
ated that the claimed subject matter is not limited to the
foregoing examples.

Tonic liquids, including those that comprise transition
metal elements (metal ionic liquids), are a class of highly
modifiable molten salts; for instance, ionic liquids can be salts
with melting points below 100° C. Ionic liquids can have
features such as high thermal stability, negligible vapor pres-
sure, wide electrochemical window, and the ability to dis-
solve a range of organic and inorganic compounds; such
features make ionic liquids attractive for a wide range of
applications (e.g., solvents, electrically conducting fluids,
etc.). Many of the properties of ionic liquids can be system-
atically varied by subtle compositional and structural
changes. Further, it may be desirable to develop ionic liquids
that simultaneously exhibit low viscosity and high conduc-
tivity for flow batteries.

Large, structurally asymmetric organic cations are often
found in conventional ionic liquids, including those utilized
as electrochemical solvents, because they lower the melting
point by reducing the lattice energy of the crystalline salt.
Recently, some conventional ionic liquids include transition
metal-based anions. Examples include compounds including
imidazolium cations with tetrahedral halogenoferrates and
phosphonium cations with various cobaltates as well as ionic
liquids including alkyl ammonium, phosphonium, or imida-
zolium salts of polyoxotungstate clusters. According to other
examples, some conventional ionic liquids include transition
metal-based cations. By way of illustration, some ionic lig-
uids have Ag(H,N—R),* or Zn(H,N—R),** (R=alkyl
group) cations, and there are also a number of compounds that
include ferrocenyl-functionalized cations.

In contrast to conventional ionic liquids which oftentimes
include cations with low structural symmetry, the metal ionic
liquids set forth herein include cations that have electroni-
cally asymmetric secondary coordination spheres that perturb
pairing with anions. The nitrogen containing functional group
and the oxygen containing functional group of a cation of the
metal ionic liquid can have localized dipoles (e.g., the amine
functional group and the hydroxyl function group are polar-
izable); thus, the localized dipoles can produce the electroni-
cally asymmetric secondary coordination sphere of the cat-
ion. Partial positive and negative charges can be sufficiently
distributed in a secondary coordination sphere of the cation to
limit interaction with an anion while simultaneously keeping
electrons sufficiently mobile to either add charge to or remove
charge from the transition metal ion at the center of the cation
complex. Further, the electronically asymmetric cations can
lower the melting point of the metal ionic liquids.






